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The complete genome of an insect picorna-like virus, Plautia stali intestine virus (PSIV), was cloned and sequenced. The
genome had 8797 nucleotides including two consecutive long open reading frames. The deduced amino acid sequence of
the first open reading frame (nucleotides 571 to 6003) contained conserved sequence motifs for picornavirus RNA helicase,
cysteine protease, and RNA-dependent RNA polymerase. The order of the three motifs in the genome was the same as those
of mammalian picornaviruses. The coding regions of four capsid proteins (33, 30, 26, and 4.5 kDa) were mapped by
determining their N-terminal sequences. Unlike mammalian picornaviruses, the genes for these proteins were in the 39 region
of the PSIV genome. In vitro translation assay suggested that the capsid protein precursor of PSIV would be translated by
internal initiation. The deduced amino acid sequence of the capsid proteins showed homology to those of the proteins
encoded in the 39 part of the genomes of widely distributed insect picorna-like viruses, cricket paralysis virus, and Drosophila
C virus. Some insect picorna-like viruses would have the same unique coding strategy as PSIV. © 1998 Academic Press
INTRODUCTION
Positive-strand RNA viruses are divided into three su-
pergroups based on the sequence alignment of their
RNA-dependent RNA polymerase. Picorna-like viruses
belong to one of the subgroups of supergroup 1 (Strauss
et al., 1996). The viruses in the families Picornaviridae,
Comoviridae, and Caliciviridae are usually called pi-
corna-like viruses. The viruses in the family Sequiviridae
are also considered members of the picorna-like viruses
(Shen et al., 1993; Turnbull-Ross et al., 1993). The hosts of
these viruses vary: picorna- and caliciviruses infect
mammals, while como- and sequiviruses infect plants.
Many viruses that have biophysical properties similar to
those of picornaviruses have been isolated from various
species of insects (Moore et al., 1985). Since the nucleotide
sequences of the genomes of these insect picorna-like
viruses have not been well analyzed, the taxonomic rela-
tionships between these viruses and mammalian and plant
picorna-like viruses are unclear. Three viruses, Gonometa
virus, cricket paralysis virus (CrPV), and Drosophila C virus
(DCV), are possible members of the family Picornaviridae,
although they have not yet been assigned to genera in this
family because of insufficient information about their ge-
nome structure (Murphy et al., 1995). The 39 terminal se-
quence (1600 nucleotides) of the CrPV genome has been
studied (King et al., 1987), and the genome organization of
CrPV is presumed to be similar to that of mammalian
picornaviruses because the deduced amino acid sequence
contained a few conserved sequence motifs for RNA-de-
pendent RNA polymerase, including the tripeptide GDD.
However, Koonin and Gorbalenya (1992) suggested that the
amino acid sequence of the 39 part of CrPV genome is
homologous to those of the 59 part of picornavirus ge-
nomes, which encode capsid proteins (Rueckert, 1996).
Plautia stali intestine virus (PSIV) was isolated from
the brown-winged green bug Plautia stali (Nakashima
et al., 1998). The PSIV particle is spherical and about
30 nm in diameter. The particle consists of three major
proteins (33, 30, and 26 kDa), one medium protein (35
kDa), and one minor protein (4.5 kDa). The genome is
single-stranded RNA (Nakashima et al., 1998). These
properties are similar to those of mammalian picorna-
viruses.
In this paper, we report the complete nucleotide se-
quence of the PSIV genome. Analysis of the sequence
revealed that the genome encoded nonstructural pro-
teins in its 59 part and capsid proteins in its 39 part,
showing a novel type of genome organization in picorna-
like viruses. In addition, in vitro translation assay sug-
gested that translation of the capsid proteins would oc-
cur independently of the nonstructural proteins.
RESULTS
Nucleotide sequence
The PSIV genome had 8797 nucleotides and a poly(A)
tail. This genome size was fairly consistent with the
The nucleotide sequence data reported in this paper will appear in
the DDBJ, EMBL, and GenBank nucleotide sequence databases under
Accession No. AB006531.
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predicted size based on agarose gel electrophoresis of
the RNA (9.1 kb, Nakashima et al., 1998).
Two long open reading frames, ORF1 and ORF2, were
found (Fig. 1). ORF1, starting at nt 571 and ending at 6003,
was capable of encoding a 208.2-kDa polypeptide with
1811 amino acids. The presence of the stop codon of
ORF1 was confirmed by two sequencing strategies. First,
four different cDNA clones were sequenced. Second,
direct sequencing of RT–PCR products from two inde-
pendent reactions was carried out. The region contain-
ing the stop codon was amplified by RT–PCR with two
synthesized primers (nt 5800–5817 and 6375–6354) from
the genomic RNA. The RT–PCR products were directly
sequenced using two synthesized primers (nt 5898–5919
and 6333–6313). ORF2 was in the same frame as ORF1
and ended at nt 8625. No stop codon was found between
the termination codon of ORF1 and the first AUG codon
of ORF2. There was no ORF capable of encoding more
than 100 amino acids in the other five reading frames.
The 59-untranslated region (59-UTR) of the PSIV ge-
nome was 570 nucleotides in length. The 39-UTR was
172 nucleotides in length and is longer than those of
picornaviruses which have been studied (46 to 126 nu-
cleotides; Rueckert, 1996).
Alignments of amino acid sequences of nonstructural
proteins
A computer analysis of the nucleotide sequence of
the PSIV genome revealed that the deduced amino
acid sequence of ORF1 contained the core motifs of
the picornavirus 2C RNA helicase, 3C cysteine pro-
tease, and 3D RNA-dependent RNA polymerase.
These motifs are also conserved in the genomes of
viruses in the families Comoviridae, Sequiviridae, and
Caliciviridae. The predicted amino acid sequences
around these motifs in ORF1 of PSIV were aligned with
those of two picornaviruses (poliovirus (PV), Kitamura
et al., 1981; and hepatitis A virus (HAV), Tsarev et al.,
1991), a comovirus (cowpea severe mosaic virus
(CPSMV), Chen and Bruening, 1992), a sequivirus (rice
tungro spherical virus (RTSV), Shen et al., 1993), and a
calicivirus (2C and 3D proteins of rabbit hemorrhagic
disease virus (RHDV), Meyers et al., 1991) (Fig. 2).
Figure 2A shows a multiple alignment of putative RNA
helicase sequences of the viruses. The consensus se-
quence for RNA helicase, GX4GK (Gorbalenya et al.,
1989b), which is thought to be responsible for nucleotide
binding, was found at amino acids 578–584 in the de-
duced amino acid sequence of PSIV. The PSIV sequence
shown in Fig. 2A was most similar to that of HAV (30.3%
identity), followed by CPSMV (29.9%), PV (29.1%), RHDV
(24.6%), and RTSV (24.2%).
The cysteine protease motif GXCG was found at amino
acids 1217 to 1220 (Fig. 2B) in the putative ORF1 product
of PSIV. In PV 3C protease, H (position 40), E (position
71), and C (position 147) form the catalytic triad (Gorbal-
enya et al., 1989a). Among these three residues, E is
substituted by D in 3C proteases of aphtho- and cardio-
viruses (Gorbalenya et al., 1989a). Multiple alignment
suggested that H at amino acid position 1072, D at
position 1125, and C at position 1219 in the PSIV se-
quence form the catalytic triad. In addition, the RNA
binding region of picornavirus 3C protease (KFRDI; Ryan
and Flint, 1997) was well conserved in the PSIV se-
quence (KHPDI, at amino acids 1136 to 1140).
The conserved motifs of RNA-dependent RNA poly-
merases of positive-strand RNA viruses, LKDE, SGX3TX3N,
and YGDD (Koonin, 1991), were found in the C-terminal
region of the putative ORF1 product of PSIV (Fig. 2C). The
sequence of PSIV shown in Fig. 2C was the closest to that
of CPSMV in amino acid identity (29.7%).
N-terminal sequences of the capsid proteins
Purified PSIV particles have three major proteins (33,
30, and 26 kDa), one medium protein (35 kDa), and one
minor protein (4.5 kDa) (Nakashima et al., 1998). The
N-terminal sequences of these five capsid proteins were
determined. The N-terminal sequence of the 33-kDa pro-
tein was QEKEFTQGRDTTAQS starting at nt 6193 (Fig. 1).
This sequence was located between the termination
codon of ORF1 and the first AUG codon of ORF2 (Fig. 3A).
The 35- and 4.5-kDa proteins had the same N-terminal
sequences, SGETSGPVSKVAA, starting at nt 6955. The
determined sequence for the 30-kDa (SKPQKLDNQNQV-
VVRP) and 26-kDa (SGDTFGSTGI) proteins started at nt
7123 and 7927, respectively (Fig. 1).
The 35-kDa protein was thought to correspond to VP0 of
picornaviruses because the estimated molecular mass of
the combined 30- and 4.5-kDa proteins was close to 35-kDa
and the amount of the 30-kDa protein was less than those
FIG. 1. Schematic diagram of the PSIV genome. ORFs are shown in open boxes. Numbers above the line indicate nucleotide positions. Arrows
represent N-termini of capsid proteins.
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of the 33- and 26-kDa proteins in an SDS–PAGE analysis of
purified PSIV particles (Nakashima et al., 1998). The loca-
tions of the N-termini of the 35-, 4.5-, and 30-kDa proteins
supported this speculation. However, the 35-kDa protein
was located after the 33-kDa protein and was thus the
second from the N-terminus of the capsid precursor, in
contrast to VP0, which is located at the N-terminus of P1
precursor (Fig. 3B).
FIG. 2. Multiple alignments of conserved amino acid sequences specific for RNA helicase (A), cysteine protease (B), and RNA-dependent RNA
polymerase (C) of PSIV, PV, HAV, CPSMV, RTSV, and RHDV. Numbers on the left indicate the starting amino acid positions of the aligned sequences.
Residues conserved in at least four of the viruses are shown in reverse. In (B), deduced active site residues are dotted and the conserved motif for
the RNA binding region of the picornavirus 3C proteases is boxed.
FIG. 3. (A) Nucleotide and deduced amino acid sequences of the segment between ORF1 and ORF2. Numbers indicate nucleotide positions. An
asterisk indicates a stop codon. The first methionine of ORF2 is boxed. (B) Comparison of the cleavage pattern of capsid proteins between PSIV and
poliovirus. The amino acid sequences around cleavage sites are shown in PSIV. Slash shows the scissile bond of the cleavage site.
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Alignment of the amino acid sequences of capsid
proteins
The deduced amino acid sequence of the capsid pro-
teins of PSIV was aligned with those of picornaviruses,
PV, HAV, encephalomyocarditis virus (EMCV; Zimmer-
mann et al., 1994), and foot-and-mouth disease virus
(FMDV; Forss et al., 1984). The alignment revealed that
the amino acid sequences of the 33- and 30-kDa capsid
proteins of PSIV contained regions similar to those of
VP2 and VP3 of picornaviruses, respectively (Fig. 4). In
CrPV, an insect picornavirus, the nucleotide sequence of
the 39 part of the genome has been published (King et al.,
1987). The amino acid sequence of the 30-kDa protein of
PSIV was homologous to that of the protein encoded in
this portion of the CrPV genome (Fig. 4B). The PSIV
sequence shown in Fig. 4B had 43.5% identity with the
CrPV sequence. Recently, the sequence data of DCV
have been published (Johnson and Christian, 1998). The
amino acid sequence similarity between PSIV and DCV
in this region was almost equal to that between PSIV and
CrPV (data not shown).
In vitro translation of the capsid protein precursor
encoded by ORF2
Caliciviruses and alphaviruses, whose capsid proteins
are encoded in the 39 part of the genome as PSIV, produce
a subgenomic RNA coding for capsid proteins (Clarke and
Lambden, 1997; Schlesinger and Schlesinger, 1996). For
PSIV, however, no subgenomic RNA was detected in the
intestine of PSIV-infected stinkbugs (data not shown). This
suggests that the capsid proteins may be translated by
readthrough of the stop codon of ORF1 or the PSIV genomic
RNA may be functionally dicistronic.
To investigate the mechanism of expression of the
capsid proteins, the RNAs transcribed from four tem-
plates (Fig. 5A) were translated in vitro. A single polypep-
tide (39 kDa) was observed when the transcripts from t1
and t3 were translated (Fig. 5B). Both of them were also
detected by immunoblot using antiserum directed
against purified PSIV particles (Fig. 5C), while the tran-
script from t2 did not produce any detectable polypeptide
(Fig. 5B). These results indicate that the 39-kDa polypep-
tide is a part of the capsid protein precursor and is
translated from the second cistron.
When the transcript from t4 was translated, the 39-kDa
polypeptide was not detected (Fig. 5B). To confirm that
this result is not due to the misincorporation by Taq
polymerase, we carried out the same experiment using
independent five clones (data not shown). In comparison
with t1, a part of sequence (nt 5375–6001) was deleted in
t4. This indicates that the initiation of translation of the
capsid protein precursor required the upstream se-
quence.
The product of the first cistron coding for the nonstruc-
tural proteins of t1 was not detected in the in vitro
translation analysis, even when the RNA was used at a
final concentration of 50 mg/ml (data not shown). In the
enhanced chemiluminescence (ECL) in vitro translation
system we employed, sensitivity of detection depends on
the amount of biotin-labeled lysine residue that is incor-
porated into translation products. The amounts of lysine
residue in the first and second cistron products of t1 are
23 and 18, respectively. This suggests that the transla-
tional efficiency of the nonstructural proteins would be
much lower than that of the capsid proteins.
DISCUSSION
The deduced amino acid sequence of ORF1 contained
the conserved sequence motifs for the picornavirus RNA
helicase, cysteine protease, and RNA-dependent RNA
FIG. 4. Comparison of the deduced amino acid sequences of capsid proteins between PSIV and picornaviruses. (A) Alignment of the amino acid
sequences of the 33-kDa protein of PSIV and VP2 of PV, EMCV, FMDV, and HAV. (B) Alignment of the amino acid sequences of the 30-kDa protein
of PSIV, VP3 of PV, EMCV, and HAV and the 39 part of the genome of CrPV. Numbers on the left indicate the starting amino acid positions of the aligned
sequences. For the PSIV sequence, amino acids are numbered starting with the N-terminus of the 33-kDa protein. Residues conserved in at least
three of the five viruses are shown in reverse.
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polymerase. These motifs were arranged in the same
order as in the genomes of picorna-like viruses (Strauss
et al., 1996), indicating that PSIV is a member of the
picorna-like viruses. A comparison of the genome orga-
nization of PSIV with those of mammalian and plant
picorna-like viruses is shown in Fig. 6. PSIV resembles
caliciviruses in that their capsid proteins are encoded in
the 39 part of the genome. However, several features of
PSIV differ from those of caliciviruses. First, calicivirus
particles consist of a single major 58- to 76-kDa protein
(Clarke and Lambden, 1997). Second, caliciviruses have
a small ORF in the 39-terminal part (Clarke and Lambden,
1997), while PSIV does not. Third, an approximately 2-kb
subgenomic RNA that encodes a capsid protein is ob-
FIG. 5. (A) Schematic diagram of plasmids that were used for in vitro transcription. Thin lines indicate vector sequences and triangles on the lines
represent the locations of T7 phage RNA polymerase promoter. Thick lines indicate the PSIV genome sequences. The first cistrons are shown by open
boxes and the capsid protein-coding regions are shown by shaded boxes. Nucleotide positions in the genome and restriction enzyme sites are
indicated above and below the lines, respectively. Arrows represent the locations of the primers that were used to amplify t2 and the 39 half of t4.
(B and C) Detection of in vitro translation products. Each product was separated by 12% SDS–polyacrylamide gel, blotted onto a PVDF membrane,
and then detected by enhanced chemiluminescence (B) and immunoblot assay using the antiserum directed against purified PSIV particles (C).
Positions of molecular weight markers are indicated at the left of panels.
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served in tissue infected with caliciviruses (Clarke and
Lambden, 1997). On the other hand, subgenomic RNA
apart from genomic RNA was not detected in the intes-
tine of PSIV-infected stinkbugs by a Northern blot anal-
ysis (data not shown). These observations indicate that
PSIV is a novel picorna-like virus with a unique genome
organization.
The 39 part of the CrPV genome was first reported to
encode RNA-dependent RNA polymerase, since the de-
duced amino acid sequence of this part contained the
RNA-dependent RNA polymerase motifs SGX3TX3N and
GDD (King et al., 1987). On the other hand, Koonin and
Gorbalenya (1992) suggested that the amino acid se-
quence encoded by this region in the CrPV genome has
similarity to that of the picornavirus VP3. We also found
that the deduced amino acid sequence of the 39 part of
the CrPV genome contained a region highly homologous
to that of the 30-kDa capsid protein of PSIV (Fig. 4B),
supporting the hypothesis that the 39 part of the CrPV
genome encodes capsid proteins. In addition, the tripep-
tide GDD is also found in the amino acid sequences of
capsid proteins of PSIV, HAV, RTSV, and another sequi-
virus, parsnip yellow fleck virus (Turnbull-Ross et al.,
1992), and the other RNA polymerase motifs, LKDER and
FLKR, were not found in the amino acid sequence of the
CrPV genome. The genome organizations of PSIV and
CrPV are expected to be similar.
Among the picorna-like viruses, PSIV was most closely
related to picornaviruses in that its genome encodes four
capsid proteins, and three of the four proteins have
similar molecular masses and one has a much smaller
mass. However, the PSIV genome encoded capsid pro-
teins in its 39 part, in contrast to picornavirus genomes
which encode them in their 59 part. In addition, the
cleavage patterns of the capsid precursors were differ-
ent between PSIV and the picornaviruses: the smallest
protein, VP4, is located at the N-terminus of the P1
precursor in picornaviruses and separates from VP2,
whereas the 4.5-kDa protein of PSIV appears as the
second protein from the N-terminus and separates from
the 30-kDa protein (Fig. 3B). A comparison of the amino
acid sequence of the capsid protein precursor of PSIV
with those of the P1 precursors revealed that the 33- and
30-kDa proteins contained the regions homologous to
VP2 and VP3, respectively (Fig. 4). This indicates that the
smallest proteins are cleaved from the different precur-
sor protein species between PSIV and picornaviruses.
It is known that most dipeptides recognized by picor-
navirus 3C protease have a Q residue at the N-terminal
side (Lawson and Semler, 1990). The cleavage sites at
the 33/35-kDa and 35/26-kDa junctions had the same
dipeptide pair, Q–S, and the sequences flanking these
sites were highly homologous to each other (Fig. 3B).
Therefore, these two proteins would be cleaved by the
3C-like protease of PSIV. Cleavage at the 4.5/30-kDa
junction occurred at an F–S pair. For picornaviruses, the
VP4/VP2 cleavage is thought to occur after capsid for-
mation (Rueckert, 1996) and this cleavage site is located
in the interior part of the mature particles (Hogle et al.,
1985). Therefore, viral proteases are believed to be inac-
cessible to this cleavage site (Hogle et al., 1985). The
4.5/30-kDa cleavage of PSIV may occur by the same
mechanism as that in picornaviruses, because this site
does not have the dipeptide preferred by 3C-like pro-
teases. Cleavage at the N-terminus of the 33-kDa protein
occurred at an L–Q pair. The other two viral proteases,
2A and L, have been identified for picornaviruses
(Dougherty and Semler, 1993). However, we were unable
to identify a region which has sequence similarity to the
2A and L proteins in the PSIV genome. The 2A/2B junc-
tion of aphtho- and cardioviruses is cleaved by a self-
cleaving activity (Dougherty and Semler, 1993), but the
FIG. 6. Comparison of the genome organizations of PSIV, a picornavirus (PV), a sequivirus (RTSV), a comovirus (CPSMV), and a calicivirus (RHDV).
ORFs are represented as boxes, and non-coding regions are shown by lines. Capsid-encoding regions are shaded. Objects in figure indicate RNA
helicase (:), cysteine protease (m), and RNA-dependent RNA polymerase ().
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amino acid sequence that is thought to be involved in the
autocatalytic cleavage at this junction (NPGP) (Dough-
erty and Semler, 1993) was not found around the cleav-
age site at the N-terminus of the 33-kDa protein. There-
fore, the mechanism of the cleavage at this site is pres-
ently unclear and remains to be explored.
Picornaviruses of mammals have long 59-UTRs which
have an internal ribosome entry site (IRES) for initiation
of translation (Jackson et al., 1990). The 59-UTR of PSIV
consisted of 570 nucleotides including many minicis-
trons, as with mammalian picornaviruses. This suggests
that the nonstructural protein precursor of PSIV would be
translated by internal initiation. While we first assumed
that translation of the capsid protein precursor would
occur by readthrough of the stop codon at nt 6004–6006
since PSIV produced no subgenomic RNA and the other
stop codons were not observed between ORF1 and the
capsid-coding region. The result of the in vitro translation
assay, however, did not support the readthrough of the
stop codon because the second cistron coding for the
capsid protein precursor was efficiently translated when
the first cistron produced no detectable product (Fig. 5B).
This result would also exclude the possibility of a termi-
nation–reinitiation mechanism for translation of the sec-
ond cistron. Ribosomal leaky scanning is also known as
one of mechanisms for translation of a downstream ORF
in a polycistronic RNA, but this mechanism would not be
used for translation of the second cistron since more
than 40 AUG triplets existing in the upstream region of
the capsid-coding region in t1 had to be ignored by the
scanning ribosomal subunit. When the 39 part of the first
cistron was deleted, translation of the second cistron did
not occur (Fig. 5B, t4). In infectious bronchitis virus (Liu
and Inglis, 1992) and crucifer infecting tobamovirus
(Ivanov et al., 1997), the internal initiation mechanism is
used for translating the downstream ORF in a polycis-
tronic RNA. Translation of the downstream ORF depends
on the upstream sequence element which serves as an
IRES. In PSIV, the upstream sequence of the capsid-
coding region should also play an important role in
translation of the second cistron, such as IRES-mediated
translation. When we processed the sequence nt 5771–
6200 with a MFOLD program (Jacobson and Zuker, 1993)
to analyze the secondary structure of RNA of the region,
many stem-loop structures were observed (data not
shown).
The N-terminal sequence of the 33-kDa capsid protein
was mapped between the stop codon of ORF1 and the
first AUG codon of ORF2 (Fig. 3A). We confirmed that
there is no in-frame AUG codon between the stop codon
of ORF1 and the CAA codon corresponding to the N-
terminus of the 33-kDa protein by two sequencing strat-
egies as described under Results. The molecular weight
of the 33-kDa protein was estimated by electrophoretic
mobility (Nakashima et al., 1998), but after the mapping of
the N-termini of the capsid proteins, the calculated mo-
lecular weight of this protein was 28,546. Thus there was
about 4.5 kDa discrepancy. The capsid protein-coding
region used for the in vitro translation assay (nt 6193–
7096) should be able to encode a 33-kDa polypeptide.
The molecular weight of the in vitro translation product,
however, was 39 kDa (Fig. 5B), being 6 kDa larger than
the expected size. Taking these results into consider-
ation, the translational initiation codon for the capsid
proteins would be located slightly upstream of the CAA
codon that corresponds to the N-terminus of the 33-kDa
capsid protein (Fig. 3A).
The dicistronic poliovirus is genetically engineered
using an IRES sequence of EMCV and this work means
that a eukaryotic RNA virus with two consecutive ORFs
can exist in principle (Molla et al., 1992). Such picorna- or
picorna-like viruses, however, have not been found be-
fore in nature. Our in vitro translation assay suggests that
translation of the capsid protein precursor encoded in
the second ORF would be internally initiated from mono-
partite RNA genome. The complete nucleotide sequence
of the genome of an insect picorna-like virus, DCV, was
published recently (Johnson and Christian, 1998). DCV
also has two nonoverlapping ORFs and the capsid pro-
teins are encoded in the downstream ORF. In addition,
the authors discuss the possibility that the capsid protein
genes of DCV may be translated by internal initiation.
These suggest that some insect picorna-like viruses
would have dicistronic genomes.
MATERIALS AND METHODS
Virus purification and viral RNA extraction
PSIV was purified from infected P. stali as described by
Nakashima et al. (1998). Purified PSIV particles were
treated with TE-saturated phenol and the extracted viral
RNA was precipitated with ethanol.
cDNA synthesis and nucleotide sequencing
A Great Lengths cDNA Synthesis kit (Clontech) was
used to synthesize cDNA of PSIV RNA. Since genomic
RNAs of picornaviruses are polyadenylated at the 39
terminus (Rueckert, 1996), oligo(dT)25dN primers were
used to synthesize first-strand cDNA from viral RNA.
Second-strand synthesis, adaptor ligation, and size frac-
tionation of cDNA were performed according to the manu-
facturer’s recommendations. The synthesized cDNAs
were ligated into a phage vector, Lambda ZapII (Strat-
agene) using a ligation kit, version 2 (Takara Shuzo). In
vitro packaging was carried out using a GIGAPACK III
Gold Packaging Extract (Stratagene). A part of the am-
plified library was utilized for in vivo excision of cloned
fragments into plasmid vectors. Polymerase chain reac-
tion (PCR) was used to analyze cloned inserts from
Escherichia coli colonies (Shimada and Tada, 1991), and
clones with long inserts were selected by agarose gel
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electrophoresis of the PCR products. Deletion mutants
for the selected clones were constructed by using a
deletion kit for kilosequencing (Takara Shuzo) and were
sequenced. Nucleotide sequencing was performed us-
ing ABI PRISM cycle sequencing kits and a 373S se-
quencing system (Perkin–Elmer).
59 RACE (rapid amplification of cDNA ends) and
reverse transcription (RT)–PCR
When first-strand cDNA was synthesized with
oligo(dT)25dN primers, the primers annealed to not only
the poly(A) tract at the 39 end but also adenine-rich
regions in the genome. Therefore, the cDNA clones
which were obtained from the Lambda ZapII library cov-
ered almost the entire genome except for the 59 end and
a region corresponding to nucleotides (nt) 3443 to 3929.
The 59 end of the genome was amplified using a 59
RACE system (GIBCO BRL). Two antisense primers,
GSP1 (nt 563–546) and GSP2 (nt 476–450) were synthe-
sized and 59 RACE was performed as described by the
manufacturer. First-strand cDNA was tailed with dCTP
and then the dC-tailed cDNA was amplified by PCR.
When the nucleotide at the 59 terminus of the genome is
guanosine, it is not clear whether the nucleotide is au-
thentic or part of the artificial tail. Therefore, a second
tailing reaction was carried out. First-strand cDNA was
first tailed with dATP and then the dA-tailed cDNA was
purified with a Microspin S-300HR column (Pharmacia)
and additionally tailed with dCTP. The generated PCR
products were sequenced and the nucleotide at the 59
end of the genome, G, was determined.
DNA fragments containing the region nt 3443 to 3929
were amplified from the genome by RT–PCR using prim-
ers based on the flanking sequences of this region.
RT–PCR was also used to obtain DNA fragments needed
for confirmation of the sequence of the 39 end of the
genome and the regions that were found in only one
cDNA clone. The 39 end of the genome was amplified
with a sense primer corresponding to the region from nt
8265 to 8285 and an oligo(dT)20 primer. The other regions
were amplified using the synthesized primers based on
the flanking sequences. All PCR products were ligated
into the pBluescript II (Stratagene) ‘‘T vector,’’ which was
prepared according to the method of Marchuk et al.
(1991) and sequenced as described above. All regions of
the genome were sequenced in both directions using at
least two clones.
Computer analysis of sequence data
Sequence data were compiled and analyzed with the
software GENETYX (Software Development). Multiple
alignment of the sequences were performed with
CLUSTAL W version 1.6 (Thompson et al., 1994).
Protein sequencing
To determine the location of the coding region of
capsid proteins, their N-terminal amino acid sequences
were determined. Proteins of PSIV particles were elec-
trophoresed on a SDS–12% polyacrylamide gel (Laemmli,
1970) or a SDS–16% polyacrylamide gel containing
tricine (Schagger and von Jagow, 1987). The separated
proteins were blotted onto a PVDF (polyvinylidene diflu-
oride) membrane (Bio-Rad) using a semidry transfer ap-
paratus (Bio-Rad) and stained with Coomassie brilliant
blue. Each stained protein band was excised and se-
quenced using an LF 3000 protein sequencer (Beckman).
Analysis for translation mechanism of the capsid
protein precursor in vitro
To investigate the mechanism of translation of the
capsid protein precursor of PSIV, we constructed four
templates (t1, t2, t3, and t4, Fig. 5A) for in vitro transcrip-
tion. These templates were constructed from a plasmid
vector (pT7Blue, Novagen) that has a T7 promoter se-
quence and the cDNA clones which were used to deter-
mine the PSIV genome sequence. All cDNA fragments
used for construction of templates were ligated to be
in-frame.
A cDNA clone of PSIV was digested with SalI and
BamHI. The SalI–BamHI fragment (nt 17–1363 of the PSIV
genome) was ligated into those sites of pT7Blue. This
ligated plasmid was named pT7-5. Another cDNA clone
was digested with HindIII, blunt-ended with T4 DNA
polymerase, and then digested with EcoRI. This fragment
(nt 5375–7096) was ligated into pT7-5, which had been
digested with BamHI, blunt-ended, and then digested
with EcoRI. The plasmid generated was called t1 (Fig.
5A). The template t2 which has the first cistron alone was
obtained by a PCR with M13 reverse primer and STOP-M
primer (nt 6006–5983) using t1 as a template. The cDNA
for the template t3 was obtained from the same cDNA
clone which had been used for construction of t1. After
digestion with HindIII and EcoR1, the resultant fragment
(nt 5374–7096) was ligated into those sites of pT7Blue.
The template t4 contains a deletion of nt 5375–6001 in
comparison with template t1. The 39 half of t4 was ob-
tained by PCR using a pair of primers, STOP-P (nt 6002–
6021) and M13-20, and the template t1 as a template.
This PCR product was blunt-ended, digested with EcoRI,
and then ligated into pT7-5, which had been digested
with BamHI, blunt-ended, and then digested with EcoRI.
In vitro transcription was carried out using a RNA
transcription kit (Stratagene). Plasmids were linearized
with EcoRI and transcribed with T7 RNA polymerase
according to the manufacturer’s recommendation. The
PCR product (t2) was extracted with phenol–chloroform,
precipitated with ethanol, and then utilized for in vitro
transcription. A part of each transcript was quantified by
agarose gel electrophoresis.
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Translation in rabbit reticulocyte lysate was carried out
using an ECL in vitro translation system (Amersham) as
recommended by the manufacturer. We did not add a 59
cap structure to the transcripts used in this assay. The
transcribed RNA was used at a final concentration of 5
mg/ml in a reaction. Each reaction mixture was sepa-
rated by 12% SDS–PAGE, blotted to a PVDF membrane.
The translation products were detected by both ECL and
immunoblot analysis using the antiserum directed
against purified PSIV particles (Nakashima et al., 1998 ).
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